Introduction
With an increase in the supersaturation rate of a liquid or a solution, the metastable state eventually decays and crystals of various sizes are nucleated in it. As time proceeds, the number of larger (smaller) crystals becomes larger (smaller) to minimize the overall surface energy; this process is called Ostwald ripening [1] [2] [3] . In reality, the surface energy is not so strong a driving force that ordinary classical crystals cannot grow to a macroscopic size during an experimental observation period due to their very slow growth. Observation of Ostwald ripening is usually carried out under a microscope. 4 He quantum crystals, however, grow from a superfluid very quickly at sufficiently low temperatures [4, 5] , and can be an exceptional material taking full advantage of Ostwald ripening, especially at zero gravity.
A zero-gravity environment can be regarded as an ideal condition under which to investigate crystal growth dynamics [6] [7] [8] [9] [10] . A wall-free condition will aid the uniformity of the fluid around the crystal, undesired convection of the surrounding fluid can be suppressed during the crystal growth, and Ostwald ripening helps the preferential growth of larger crystals. Indeed, a zero-gravity environment has been used to grow a large and good-quality single crystal; without it such a crystal cannot be created with gravity on the ground [11] .
The Bond number B = ρgL 2 /α = L 2 /l 2 c sets the relative importance of the gravitational energy and surface energy of a system under a given condition. Here, ρ, g, α, L and l c = √ α/ ρg are the density difference between the solid and liquid, acceleration due to gravity, the surface energy between the two phases, the system size and the capillary length, respectively. When B > (<) 1, gravity (surface energy) has a dominant effect on the dynamics of the crystal shape. On the ground at g = 1 G = 9.8 m s −2 , Ostwald ripening continues until B ≈ 1; the final size of the crystals is at most l c . Under a zero-gravity condition g = 0 G, B = 0 and thus surface energy is dominant to a very large length scale L: Ostwald ripening will continue to a large scale and a very large crystal will finally be formed.
The crystallization rate of 4 He is determined by quasiparticle collisions on the surface, which decrease drastically at low temperatures. The high crystallization rate makes 4 He crystals easily relax to a lower energy state, and intriguing relaxation phenomena can be investigated in a short experimental period [4, 5] . It is also true that gravity sometimes has a dramatic effect on the relaxation dynamics in 4 He crystals. For example, relaxation of the facet around the roughening transition was investigated utilizing gravity to obtain the temperature dependence of the step energy [12] ; negative crystals rise in a host crystal due to buoyancy [13] [14] [15] ; sudden reduction of gravity induces the transformation of the crystal to relax to the gravity-free quasiequilibrium crystal shape which is determined by surface energy [16] ; and so on. Here, we report the Ostwald ripening process of 4 He crystals in a superfluid without gravity and compare it with a ripening process with gravity. To produce various sizes of crystals, large crystals were crushed into small pieces by an acoustic wave pulse, and then splashed in the superfluid.
The ripening continued to a significantly large scale in zero gravity, which is not expected in classical materials. 4 He quantum crystals in zero gravity are shown to be a model system to unveil the nature of 'classical' interfacial effects, such as Ostwald ripening, on a macroscopic scale, unadulterated by the competing effect of gravity.
Experimental setups
The zero-gravity experiment was carried out in a small jet plane called MU300, which was operated by Diamond Air Service Inc., and the flight program was in cooperation with the Japan Aerospace Exploration Agency (JAXA) ground-based program. The jet plane offers an environment of reduced gravity of less than g < 0.01 G for 20 s during a parabolic flight, which is regarded as practically zero gravity for experimental purposes. Seven or eight parabolic flight experiments could be performed during each flight for about 2 h.
There were several restrictions for the experiments on the small jet plane: the total weight of the equipment, experimental space, available electric power and experimental time. We earlier developed a 3 He refrigerator adhering to these restrictions and cooled the system to about 0. 3 He from overflowing into the pumping tube, steel wool was placed into the 3 He pot, which sucked out the 3 He liquid during the zero-gravity periods due to the large surface area. The 3 He pot was pumped by a scroll pump and exhausted in approximately 7 h, with the lowest temperature of 0.60 K. Details of the cryostat and operation procedures can be found in our previous publications [16] [17] [18] .
The cryostat had optical windows for in situ observation of the 4 He crystals. The windows were aligned in a straight line and infrared filters were installed on the thermal shields at 70 and 4 K. The 4 He crystals were illuminated from one window by a parallel light source, and observed from another one. Figure 1 shows a photograph (a) and schematic (b) of the sample cell. The cell body was made of stainless steel and the top and bottom flanges were made of oxygen-free-high-conductivity copper. Sapphire plates were glued on both end sections of the cylindrical part of the sample cell. Sapphire windows were metallized and hard-soldered to a Kovar tube which was tungsten inert gas (TIG)-welded to the stainless-steel cell body. This structure of the windows allowed the circular visible region to be as wide as possible. The diameter of the windows was 24 mm and the distance between them was 20 mm; their detailed structure was given in our previous publication [5] . The top flange was thermally anchored to the 3 He pot and was the coldest in the cell. Ultrasound transducers A and B in figure 1 were placed on the upper and lower parts of the sample cell to manipulate the crystals by acoustic radiation pressure [19] [20] [21] . Measurements were made at the equilibrium crystallization pressure, about 25 bar, where the superfluid liquid and crystals coexisted.
Results and discussion
Time evolution of the 4 He crystals in superfluid at 0 G is shown in figure 2 . Time is indicated in each frame. Initially, the crystals with relatively large numbers of defects stayed on the bottom at 0.63 K before entry into parabolic flight. The initial height of the crystals was about 8 mm and they filled the lower half of the visible region. In the first frame of figure 2 (t = 0 s), during the parabolic flight the crystals stuck to the bottom even at 0 G due to their partial wetting to the bottom [16] . We applied an acoustic wave pulse with an excitation voltage of 7.2 V for 100 ms from transducer B. The system was warmed up to 0.85 K by this acoustic wave pulse in about 2 s. The crystals were crushed into small pieces and splashed in the superfluid from the bottom (t = 0.07 s) [19] [20] [21] . At t = 0.13 s, the crystals rose to the upper part of the visible region. At that moment, no clear profiles of the grains constituting the polycrystal could be recognized. As time went by, the profiles of the grains of the crystals became clearer presumably due to both the penetration of the liquid into the spaces between the crystals and their ripening. The grains could not be recognized visually until the liquid penetrated the spaces between them [22] . Ostwald ripening was indeed clearly observed: some large crystals kept growing and some small crystals melted. Some crystals grew to an intermediate size and then began to melt. The size of some crystals at t = 9.17 s was 5 mm or even larger. In this case they were too crowded and overlapped to determine the size of each one. A video clip of figure 2 is provided as supplementary data (available from stacks.iop.org/NJP/14/123023/mmedia).
The time evolution of 4 He crystals with a smaller amount at 0 G is shown in figure 3 . Crystals were not as crowded as in figure 2 , and some details of the ripening can be seen more clearly. In this case, the crystals were not in the visible region initially but in the space below transducer B. The crystals were blown off by an acoustic wave pulse from the back of the transducer at t = 0 s and came out into the visible region. The initial temperature was 0.67 K, which was warmed up to 0.75 K by the pulse in about 3 s. At t = 0.03 s, many small crystals of irregular shape were formed, and at t = 0.10 s, more than ten crystals of different sizes could be recognized. Smaller crystals melted and disappeared, three large crystals were visible at t = 1.0 s, and eventually only the largest one survived; this largest one was clearly facetted while the others were more rounded. It is generally known that facets expand in growing crystals and rough surfaces expand in melting crystals [23, 24] . The facetted and rounded shapes are due to the ripening process continuing to its end; the largest was slowly becoming larger exhibiting Time evolution of 4 He crystals splashed into superfluid at 0 G initially at 0.63 K. The total volume of 4 He crystals was relatively large. Time t is indicated in each frame and an acoustic wave pulse was applied from transducer B at t = 0.03 s. Some large crystals kept growing, and some small crystals melted and finally disappeared, showing Ostwald ripening.
clear facets, while others were melting with a rounded shape. The height of the final crystal was about 6.5 mm. A video clip of figure 3 is provided as supplementary data (available from stacks.iop.org/NJP/14/123023/mmedia).
The sizes of selected crystals, which had a well-defined shape in figure 3 , are plotted in figure 4 as a function of time. We observed the crystals only from one side, and it was not possible to measure their volume. Instead, we measured the projected area of the crystals to represent their size. Not all of the sizes were measured because some crystals had an ill-defined Time evolution of 4 He crystals which splashed into superfluid at 0 G initially at 0.67 K. The total volume of 4 He crystals is relatively small. Time t is indicated in each frame and an acoustic wave pulse was applied from transducer B at t = 0 s. Ostwald ripening continued to the end and only the largest crystal survived. The largest was in the growth shape with clear facets, while the others were in the rounded melting shape.
shape and were overlapping, hindering accurate measurement. Although obtained data points are limited, Ostwald ripening is clearly seen.
Another peculiar feature found in the ripening at zero gravity is that the largest crystal was not caught by the chamber wall but repelled as shown in figure 5 . The initial temperature was 4 He crystals which splashed into the superfluid at 0 G initially at 0.61 K, showing a phenomenon of non-sticking to the wall. Time t is indicated in each frame and an acoustic wave pulse was applied from transducer B at t = 0 s. The largest crystal was not caught but was repelled by the chamber wall at around t = 2.5 s. 0.61 K, which warmed up to 0.80 K in about 2 s by an acoustic wave pulse at t = 0 s. Here, only the later stage of the ripening is shown after t = 2.17 s; only two crystals were left at this moment and the largest survived to the end. As in figure 3 , the largest growing crystal was perfectly facetted during the ripening, while the second largest was melting and rounded. The largest crystal kept floating in the superfluid even after bouncing against the wall at t = 2.33 s, and finally was caught by the transducer surface on the bottom at t = 4.57 s. Usually at 1 G, a 4 He crystal sticks to a wall to adjust itself to a new boundary condition immediately after it hits the wall as observed in figure 3 and also in figure 2 of [25] . The state of sticking to the wall is the lower energy state owing to the partial wetting of the crystal to the wall, and the floating state is metastable. At 0 G, however, the pressure against the wall was not as strong and the crystal hit the wall so gently that it was able to avoid sticking and maintain the metastable floating state. . Time evolution of 4 He crystals which splashed in the superfluid at 1 G initially at 0.70 K. Time t is indicated in each frame and an acoustic wave pulse was applied from transducer B at t = 0.03 s. Crystals at lower positions tended to grow to gain gravitational energy.
It is also probable that the facetted surface due to ripening might help the non-sticking. The width of the final crystal was about 8 mm. A video clip of figure 5 is provided as supplementary data (available from stacks.iop.org/NJP/14/123023/mmedia).
Next, let us show the time evolution of 4 He crystals in the superfluid at 1 G on the ground in figure 6 . Initially, the crystals of relatively good quality stayed on the bottom at 0.70 K. As in the case of zero gravity, we applied an acoustic wave pulse with an excitation voltage of 24 V for 100 ms. Following this application of the pulse, the system warmed up to about 0.90 K. The crystals were crushed into small pieces and splashed from the bottom (t = 0.03 s). At t = 0.13 s, the crystals rose to the upper part of the visible region. During their fall in the superfluid, the profile of the crystals became clear at around t = 0.37 s. In contrast to the zero-gravity case, the larger crystals in the upper part at t = 0.37-0.57 s became smaller and eventually disappeared, while the other smaller crystals survived. This means that the larger crystals did not continue to grow but tended to grow to gain gravitational energy at a lower position. The ripening of 4 He crystals with gravity is quite different from the ripening without gravity at a large scale. In the later stage, the overall interface was inclined and went upward to the right at t = 0.97 s but it became more horizontally flat in the end. This also indicates that crystals tend to favor the lower position at 1 G. The final crystal sizes were a few mm, and were smaller than those at 0 G due to the cessation of Ostwald ripening at a larger length than l c . A video clip of figure 6 is provided as supplementary data (available from stacks.iop.org/NJP/14/123023/mmedia).
At 1 G, B = 1 at L = l c ≈ 1 mm for 4 He crystals in a superfluid. We expect that Ostwald ripening is relevant to scales smaller than l c , where the surface energy is the prominent driving force for ripening and the larger crystals grow preferentially [22] . At a larger scale than l c , however, gravity is the dominant driving force for ripening, and crystals at lower positions are energetically favored and should grow preferentially. Our observation at 1 G is consistent with these expectations: the crystals at lower positions tended to grow and the largest crystal size was a few mm at most.
At 0 G, l c is divergently large and thus Ostwald ripening is relevant to a length scale much larger than l c at 1 G. The larger crystals should grow without limitation and finally only the largest crystal should survive. The observed continuous growth of the larger crystal is reasonable behavior without gravity due to the divergently large capillary length, exhibiting a novel evolution of crystal shape driven only by the surface energy. Under real experimental conditions, l c ≈ 10 mm for g ≈ 0.01 G, which is the ambiguity of zero gravity in this experiment. This length scale is consistent with the observed size of the final crystals without gravity in figures 2, 3 and 5. While only one crystal survived in the small amount in figures 3 and 5, many survived to the end in the large amount in figure 2 . This is probably because g ≈ 0.01 G was not small enough for the large number of crystals to continue Ostwald ripening to a larger scale and to become a single crystal in the end. If reduced gravity conditions were greatly improved, Ostwald ripening would continue, finally providing a larger crystal, even in the case of as large an amount of crystals as in figure 2.
Summary
Utilizing the parabolic flight of a small jet plane, 4 He crystals in a superfluid were created in zero-gravity conditions and their ripening took place after being splashed by an acoustic wave pulse. Thanks to the extremely high crystallization rate of the quantum crystal, Ostwald ripening was found to continue to a scale much larger than the capillary length on the ground to minimize the total surface energy. In the case of small total volume of crystals, only the largest crystal survived and all other smaller crystals melted and disappeared during the experimental observation time. Their final size was of the order of 10 mm, which is gigantic in terms of the generally understood Ostwald ripening of classical materials. This is in contrast to the ripening on the ground, in which the crystals at lower positions tended to grow, and their typical size was comparable to the capillary length of 1 mm. The largest crystal during Ostwald ripening exhibited a growth shape with clear facets, while the other crystals were rounded due to melting. The largest crystal sometimes bounced on the wall and retained a metastable non-sticking state at zero gravity. 4 He crystals in zero gravity were thus demonstrated to be a model system with which to study surface-energy-driven dynamical phenomena at a large spatial scale within a short experimental period, and which cannot be accessed in classical materials with a very long response time. Gravity-free 4 He crystals are now reality and thus various dynamical phenomena are expected to be examined in the system. Our experiment also paved the way to study other low-temperature measurements under zero gravity conditions.
